Recombination in Adenovirus. I. Analysis of Recombinant Viruses Under Non-selective Conditions
(Accepted 20 November I979) SUMMARY A method is described, based on an approach previously employed for the mapping of adenovirus ts mutants (Grodzicker et al. I975 ) , for the identification of recombinant viruses in the progeny of mixed infections of human HeLa cells with wild-type adenovirus types 2 and 5 under non-selective conditions. Differences in restriction enzyme sites for the endonuclease HpaI could be used to detect new recombinant DNA fragments in a yield of 3 to 6 % after single mixed infections and yields up to 25 °/o following three successive mixed infections. The recombinant nature of the new fragments was proved by the clonal isolation of recombinant viruses in similar yields. Analysis of one cloned recombinant pointed to the occurrence of multiple crossover events at different sites along the virus chromosome. The results are discussed in terms of a biochemical approach towards the study of the mechanism of general genetic recombination in human cells as well as with respect to the evolution of adenoviruses.
The present study was initiated in order to develop a biochemical approach towards the study of general genetic recombination (Radding, I978) in eukaryotic, and in particular, human cells. In order to permit the recognition of crossover events we chose group C human adenovirus, serotypes 2 and 5, as a model system (Wold et al. I978 ). Both viruses have been shown repeatedly to recombine efficiently in classical genetic studies (reviewed by Ginsberg & Young, I977) . Their linear, double-stranded genomes of tool. wt. 22 x io 6 are closely related (Green et al. I979) . Nevertheless, it had been observed previously that with regard to their restriction enzyme maps, these DNA molecules share certain restriction enzyme sites while other sites are found in only one of the two serotypes (Mulder et al. I975) . Based on these observations, ts mutants of the non-defective adenovirus hybrid AdaND+~ have been mapped through crosses with adenovirus type 5 (Ad5) ts mutants and a subsequent analysis of wild-type recombinant genomes through restriction enzyme digestion. Due to differences in restriction enzyme digest patterns between the parental and the wild-type recombinant genomes, cross-over regions and thus map positions could be identified (Sambrook et al. I975) .
In our approach we were interested in the outcome of mixed infections with wild-type viruses under non-selective conditions. It was envisaged that given a reasonably high frequency of recombination, these conditions would ultimately provide the prerequisite for a subsequent biochemical analysis of recombination events. As discussed above, the differences in restriction enzyme sites (Fig. l, diagram) provided the basis for the identification of new DNA fragments of recombinant origin which are not found in either of the parental DNA molecules. Depending on the particular physical map, crossover events leading to the formation of recombinant DNA fragments would only be recognized in particular regions of the virus chromosome for a given restriction enzyme. Since, in addition, recombinant DNA fragments would have to be visualized above a background of wild-type fragments, only HpaI fragments from the right-hand 15 % of the virus genome turned out to 0022-I317/80/o000-3963 302.00© I98o SGM Short communications 22I be useful for convenient detection. Analyses of crossover events in mixed lysates have thus been restricted to the right-hand end of the virus genome (Fig. I ). Recombinant viruses, however, could subsequently be plaque-purified from these lysates and shown to contain additional regions of recombinant origin. Human HeLa cells (kindly supplied by Dr J. Williams, Pittsburgh) in monolayer culture were infected with plaque-purified stocks of human adenovirus serotypes 2 and 5 at a m.o.i, of at least loo per cell. Virus DNA was labelled between 5 and 4 ° h p.i. with aHthymidine prior to the isolation of the virus progeny. After purification through three successive cycles of density gradient centrifugation in buoyant caesium chloride, virus DNA was isolated from virions as described, subjected to restriction enzyme digestion with the restriction endonuclease HpaI and analysed by gel electrophoresis on composite polyacrylamide-agarose gels. The electrophoresis pattern depicted in Fig. I (a) , shows the parental HpaI fragments Adz and Ad5 D expected from a mixed digest of Ad2 and Ad5 DNA. From the amount of radioactivity in the two serotype-specific fragments Adz D and Ad5 D, it can be deduced that both viruses have been synthesized in comparable amounts. However, in addition to the serotype-specific fragments, only two additional bands could be detected. The larger of the two fragments ( In a digest from the progeny of a single mixed infection the new fragments represent 3 to 6 % of the total radioactivity, indicating that these preparations contain at least 3 to 6 % recombinant virus genomes. It is demonstrated below that these numbers represent minimal estimates since they refer to the ~5 o/ /o at the right-hand end of the genome only. As is expected, these large proportions of new DNA fragments can be readily detected not only in radioactively labelled but also in ethidium bromide-stained DNA preparations.
In principle, the observed new fragment pattern could arise from incomplete digestion of the parental genomes. Although the digests depicted in Fig. I included marker Ad2 and/or Ad5 DNA in equivalent amounts, two additional criteria for the recombinant nature of these fragments have been developed. For once, the larger fragment was isolated from gels of digests derived from mixed infections and shown to contain both Ad2-and Ad5-specific sequences. As depicted in the diagram in Fig. I , the larger fragment arises through the loss of the Ad5-specific HpaI site at position 89.0 and the Adz-specific HpaI site at position 98"5. Thus, at these particular positions the sequences must be Ad2-(for the 89.o site) or Ad5-specific (for the 98.5 site), respectively. This conclusion could be tested for the 89"0 site since this system contains an Ad2-specific EcoRI site at the nearby position 89"7. Digestion of the fragment with EcoRI should result in the formation of two new fragments representing 4"7 and to3 %, respectively, of the virus genome. This could indeed be demonstrated for approx. 60 to 65 o/,,o of the radioactivity in the isolated fragment. The remaining 35 to 4o o~ remained resistant to the EcoRl digestion, indicating that additional crossovers towards Ad5-specific sequences must have occurred in this material in the region of approx. 3oo base pairs between positions 89 and 89"7 °'o. In a control experiment the isolated large fragment was shown to be resistant to further digestion with the endonuclease HpaI, strongly arguing against its formation through incomplete digestion.
In a second approach to demonstrate the recombinant nature of the observed fragments we initiated a search for recombinant viruses through single plaque isolations. Using the virus progeny from a single mixed infection, recombinant virus stocks could be established from single plaques. Among 62 isolates, 29 proved to be Ad5, 28 isolates were Ad2 and five were of recombinant origin according to their digest patterns with Hpal. The recombinant isolates all contained the smaller of the two recombinant Hpal fragments. One of these isolates, clone 5, was studied in detail by digestion of its DNA with various restriction endonucleases (Fig. 2) . As shown in the diagram (bottom of Fig. 2 ), this particular recombinant, if compared with its Ad 5 parent, not only carries the additional Hpal site at position 98. 5 for which it was identified in the first place, but also contains an additional Ad2 Bam HI site at position 29 and, accordingly, lacks the Ad5-specific BgllI site at the same map position. Thus, the isolation of cloned recombinant viruses not only proves the recombinant nature of the observed Hpal fragments but also establishes additional crossover events at other regions of the virus genome. The comparatively high frequency of recombination prompted us to analyse the progeny of multiple, successive mixed infections with wild-type serotypes 2 and 5-The progeny of an initial mixed infection was used to reinfect HeLa cells at a m.o.i, of IOO p.f.u, per cell. The resulting progeny were isolated and again used to infect HeLa cells under similar conditions. When labelled virus DNA from the virus progeny of the third infection was subjected to HpaI digestion and subsequent gel electrophoresis, the two recombinant fragments were now present in proportions of 25 to 3o% of the total label in the r5% at the right-hand end of the virus genome, as shown in Fig. I(b) . Accordingly, the yield of recombinant cloned viruses from plaque isolations increased from 5 out of 62 after the first mixed infection to 6 out of 2I after the third infection.
The observed proportions of recombinant viruses parallel the recombination frequencies of between o.2 % for adjacent markers and 23"8 % for distant markers observed in both intra-and interserotypic crosses involving either Ad5 and/or the non-defective hybrid virus AdzND+~ . It should be stressed, however, that these recombination frequencies represent only minimal estimates of the actual number of crossover events which must have occurred in order for these fragments to arise. While a single crossover from an Ad 5 to an Adz genome (Fig i) is sufficient to create the recombinant with the new, 'small' HpaI fragment, any uneven number of crossovers within positions 89 to 98"5 would have led to an identical result. It is the lack of differences in restriction enzymes sites which at present limits the resolution and thus the detection of additional crossovers.
Even the present resolution, however, permitted detection of additional crossovers in one of the recombinant viruses after it had been plaque-purified away from the background of its wild-type parents. With two Adz-specific regions, as exemplified by the Adz sites BamHI (29°/o ) and HpaI(98. 5%), this particular recombinant clone 5, which otherwise shows only Ad5-specific restriction sites (Fig. z) , must have formed through at least two crossover events of its parental Ad5 genome with Ad2-specific sequences. Analyses of additional recombinants will eventually tell whether any preferred crossover locations exist along these genomes.
So far, no recombinant has been isolated through plaque purification which contains the larger of the two HpaI fragments, although this fragment can be detected (Fig. x) in the virus preparation prior to the plaquing experiments and although it could be isolated from digests of mixed lysates and shown, in part, to be of recombinant origin. It appears that these recombinants plaque poorly on HeLa cells. An attempt is being made to use a different plaquing system, e.g. 293 cells. It should be stressed that the analysis presented in this report pertains exclusively to virus DNA isolated from the virion progeny of the respective infections. Initial studies (not shown) on intracellular, replicating virus DNA yielded similar fragment patterns and eventually might enable us to study the respective dependence or independence of replication and recombination events. It also remains to be seen whether these recombination events can occur between replicating virus DNA molecules and a resident, integrated genome from a cell transformed with the other serotype. A puzzling question remains. The ever-increasing proportions of recombinant viruses may point to some selective advantage of these recombinants over their wild-type parents during the lytic infection cycle. Therefore, how can wild-type viruses be naturally stable and be isolated as distinct species? Although it could be argued that the described experimental conditions in no way represent the natural immunocompetent habitat of the group C adenoviruses and although it remains to be seen whether adenovirus wild-types 2 and 5 really co-exist in a single individual, there is no easy answer to this problem. Thus, it is hoped that extension of these studies from the DNA to the protein level as well as to similar analyses of mixed infections with other serotypes will contribute to our understanding of the evolution of these viruses. 
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